Cockayne Syndrome (CS) is a human genetic disorder with two complementation groups, CS-A and CS-B. The CSB gene product is involved in transcription-coupled repair of DNA damage but may participate in other pathways of DNA metabolism. The present study investigated the role of different conserved helicase motifs of CSB in base excision repair. Stably transformed human cell lines with site-directed CSB mutations in different motifs within its putative helicase domain were established. We find that CSB null and helicase motif V and VI mutants had greater sensitivity than wild type cells to ␥-radiation. Whole cell extracts from CSB null and motif V/VI mutants had lower activity of 8-hydroxyguanine incision in DNA than wild type cells. Also, 8-hydroxyguanine accumulated more in CSB null and motif VI mutant cells than in wild type cells after exposure to ␥-radiation. We conclude that a deficiency in general genome base excision repair of selective modified DNA base(s) might contribute to CS pathogenesis. Furthermore, whereas the disruption of helicase motifs V or VI results in a CSB phenotype, mutations in other helicase motifs do not cause this effect. The biological functions of CSB in different DNA repair pathways may be mediated by distinct functional motifs of the protein.
Cockayne Syndrome (CS) 1 is an autosomal recessive human disorder with diverse clinical symptoms that include hypersensitivity to sunlight, severe mental and physical growth retardation, microencephaly, progressive neurological and retinal degeneration, and skeletal abnormalities (1, 2) . Genetic analysis of fused heterodikaryons has identified two complementation groups of CS, designated as CS-A and CS-B. The CSA and CSB genes have been cloned, and the basic structure and function of the genes have been characterized (3) (4) (5) .
Studies using skin-originated CS-B fibroblast cells demonstrated an increased sensitivity to UV radiation, accompanied by a delay in RNA synthesis recovery (1, 6) . The hypersensitivity of CS to UV radiation is attributed to a pronounced defect in the repair of DNA damage triggered by UV radiation (7) . The predominant DNA damage introduced by UV radiation is the generation of cyclobutane pyrimidine dimers and 6-4 photoproduct adducts. These lesions are bulky and helix-distorting and can be removed by nucleotide excision repair (NER) in a transcription-coupled repair (TCR) pathway (8 -12) . It is generally believed that the inherited defects in TCR of NER constitute the molecular basis of CS (13, 14) . However, the UV sensitivity alone may not explain the progressive neurodegeneration and other clinical appearances in CS because short wavelength radiation like UV cannot reach the inner organs and tissues. Thus, TCR of NER is unlikely to be the only pathway defective in CS. There are indications that CSB also plays a role in transcription and chromatin remodeling (9, 15) .
It has been proposed that oxidative damage to DNA plays a vital role in the development of progeroid syndromes (16) . Living organisms are constantly exposed to oxidative stress from environmental agents, including ionizing radiation, and from endogenous metabolic processes. A significant consequence of oxidative stress is DNA base modifications, which can result in mutations and other types of genomic instability. 8-Hydroxyguanine (8-OH-Gua) is one of the principal modified bases in DNA resulting from oxidative damage, and it is repaired mainly by the process of base excision repair (BER) (17, 18) . Although TCR is responsible for processing some types of oxidative DNA damage in studies using CSB as a model (19 -22) , alternative pathways for the function of CSB in the repair of DNA base modifications remain to be further elucidated. This laboratory reported that whole cell extract (WCE) from primary CSB cells incised 8-OH-dGuo at a reduced level in comparison with normal cell lines and that this BER deficiency in primary CS-B cells is associated with a down-regulated transcription of the human 8-hydroxyguanine glycosylase/ apurinic site lyase (hOgg1) gene (18) . This deficiency can be complemented by transfection of the cells with the normal CSB gene (18) .
The human CSB gene encodes a protein of 1493 amino acids with a molecular mass of 168 kDa (5, 23) . By sequence homology, the CSB gene product belongs to the SWI2/SNF2 family of proteins. All proteins in this family contain seven putative consecutive DNA and RNA helicase motifs (24) (see Fig. 1 ). In addition to the helicase motifs, CSB contains an acidic amino * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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acid stretch, a glycine-rich region, and two putative nuclear localization signal sequences (5) (see Fig. 1 ). Despite the presence of the conserved motifs, CSB has not been demonstrated to possess helicase activity as defined experimentally by an ability to unwind double-stranded DNA in a classic strand displacement assay (25) . As are other members of the SWI/SNF subfamily, CSB is likely to be involved in a wide variety of cellular functions, including DNA repair, transcription regulation, maintenance of chromosome stability, and chromatin remodeling (9, 26) . However, limited information is available that addresses the functional significance of the individual motifs. The characterization of motif II of CSB in DNA repair has been performed by the construction of a point mutation in motif II in hamster cells (27) . The motif II mutant lost the ability to confer cellular resistance to 4-nitroquinoline-1-oxide (4-NQO) and UV exposure. Because motif II functions in ATP hydrolysis, the cellular data suggested that ATP hydrolysis by CSB was essential to certain types of DNA repair, for example the TCR of NER (27) . Recent studies in this laboratory have shown that the BER of 8-OH-Gua was deficient in CSB null cells. However, we have found no evidence for a function of motif II in BER. 2 To gain further understanding of the importance of CSB protein in BER, site-specific mutations were introduced in various helicase motifs of the CSB protein in human cells. Stably transfected CS-B cell lines with altered CSB genes were established by transfecting plasmids containing a site-directed CSB mutation into CS1AN cells, a human CS-B fibroblast. The cell lines were tested for their sensitivity to oxidative stress, the ability of whole cell extract to repair modified DNA bases in vitro, and the accumulation of modified bases in genomic DNA after oxidative stress. We report here that CSB plays a role in lesion-specific BER and that helicase motifs V and VI of CSB are crucial in this function. We also find that mutations in certain motifs of CSB in human fibroblast lines lead to the accumulation of oxidative DNA base lesions in cells that have been exposed to oxidative stress.
EXPERIMENTAL PROCEDURES
Cell Lines and Culture Conditions-All cell lines were derived from CS1AN.S3.G2, a SV40-transformed human fibroblast cell line belonging to CS complementation group B. The characteristics of the cells have been previously described (28) . The sensitivity of each cell line to UV was tested before use. CS1AN.S3.G2 transfected with the mammalian expression vector pcDNA3.1 alone (Invitrogen; abbreviated as pc3.1) or pcDNA3.1 containing intact or constructed mutated CSB gene are designated in Fig. 1 . A neomycin resistance gene in the pc3.1 plasmid was used for the selection. All cell lines were routinely grown in minimal essential medium supplemented with 15% fetal bovine serum, 0.3 mg/ml L-glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, and 400 g/ml geneticin (G418, Life Technologies, Inc.).
Establishment of Stable Transfected Cell Lines with Site-directed Mutations in CSB-
Site-directed mutagenesis of CSB was performed by a uracil containing DNA based protocol (27, 29) . The plasmid pcBLsSE6 with the entire human CSB cDNA was kindly provided by Dr. Jan Hoeijmakers. Mutations in CSB were constructed to replace highly conserved residues in motifs Ia, III, IV, and VI of the putative helicase domain and in the second putative nucleotide-binding (NTB) domain. The design of most of the constructs is presented elsewhere. 3 The newly made CSBR946A was constructed by replacing arginine with alanine using primer 5Ј-CTCCATGCTGCCTCCCGGGCC-3Ј. After verification by sequencing, the wild type or mutated CSB genes were cloned into the mammalian expression vector pc3.1 and transfected into CS1AN.S3.G2 using SuperFect Transfection Reagent (Qiagen, Santa Clarita, CA). The cells were selected with complete medium containing geneticin (400 g/ml). Individual colonies were screened for expression of the CSB transcript.
Analysis of CSB Expression in the CSB Transfectants-The entire CSB transcript in the transfectant clones was verified by PCR. RNA was extracted using RNA STAT-60 (Tel-Test Inc., Friendswood, TX) followed by treatment with RNase-free DNase I (Roche Molecular Biochemicals). cDNA was synthesized by using a reverse transcription kit (RETROscript, Ambion, Austin, TX) with equal amounts of total RNA (5 g) from various cell lines according to the manufacturer's recommendation. A high fidelity PCR master kit (Roche Molecular Biochemicals) was used for PCR amplification of cDNA products. The CSB (4.7 kb) cDNA was amplified as six overlapping fragments using primers and annealing conditions as previously described (27, 30) . PCR products were detected by electrophoresis on agarose gels with ethidium bromide staining ( Fig. 2A) .
Relative quantitative RT-PCR was processed for comparing relative transcript abundance standardized by coamplification of CSB fragment and highly conserved fragments of 18 S rRNA from the transfected cell lines. The RNA isolation and cDNA synthesis were as described above. The primers 5Ј-GGTGTTAGGTGGCTGTGGGAATT-3Ј and 5Ј-GTATC-TCGTAAGACACACATGCACAC-3Ј were used to produce a 671-base pair product from CSB mRNA (27, 30) . The amplification using primers for 18 S ribosomal RNA produced a 488-base pair fragment. The linear range of PCR cycles for CSB was determined by titrating synthesized cDNA. For PCR amplification, 0.5 unit of AmpliTaq Gold (Applied Biosystems) was used according to the manufacturer's procedures. In addition to standard reaction components, PCR mixtures contained 0.2 M of CSB primers, 0.2 M of 18 S RNA primer:competimer (4:6) (QuantumRNA Classic 18S, Ambion, Austin, TX) in a total volume of 50 l. PCR hot start was 5 min at 80°C, 5 min at 49°C, 1 min at 94°C, followed by 39 cycles consisting of 30 s at 94°C, 45 s at 67°C, 1 min at 72°C, and one final extension cycle for 7 min at 72°C. The ratio of CSB transcript and 18 S rRNA was determined by running 1% agarose gels and scanning with the ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
WCEs were used to evaluate the CSB protein expression. These WCEs were prepared as previously described (31) . Equal amounts of protein (100 g) were loaded on 3-8% polyacrylamide gels (NuPAGE) and resolved at 200 V for 1.5 h in NuPAGE Tris-acetate SDS running buffer (Invitrogen). The proteins were transferred onto a polyvinylidene difluoride membrane at 100 V for 1 h at 4°C in NuPAGE transfer buffer (Invitrogen). CSB was detected with human anti-ERCC6 IgG fraction monoclonal antibody (1:1000, Austral Biologicals, San Ramon, CA) and then hybridized with a peroxidase labeled anti-mouse IgG antibody (1:1000). The membrane was developed with a chemiluminescent substrate (ECLϩ kit, Amersham Pharmacia Biotech) and then evaluated with a Molecular Dynamics PhosphorImager.
Clonogenic Assay-Five hundred cells were seeded in 10-cm 2 dishes and allowed to attach overnight. For UV and ␥-radiation, cells were washed with phosphate-buffered saline and then irradiated at the indicated doses with a UV lamp (254 nm) or with a Gammacell 40 Exactor 137 Cs ␥-source (Nordian International Inc., Kanata, Canada) and returned to complete medium. For 4-NQO treatment, the cells were washed and incubated with the indicated dose of 4-NQO in serum-free minimal medium for 30 min at 37°C and then washed with phosphatebuffered saline and returned to complete medium. The cells were grown for 10 days, washed once with phosphate-buffered saline, fixed with methanol, and stained with methylene blue for colony counting. Three independent experiments were carried out with three parallel samples for each dose. The area under the curve (AUC) was used as the comprehensive survival index of each cell line and was calculated according to the trapezoid rule using software GraphPad Prism version 3.02 (32) .
Glycosylase/Apurinic Lyase Activities (Incision) on Oligonucleotides with Modified Bases in WCE from CSB Transfected Cell Lines-The
following oligonucleotides with a single lesion of 8-OH-Gua, 5-hydroxycytosine (5-OH-Cyt), or uracil at position 11 were employed (Midland Certified Reagent Co., Midland, TX): 5Ј-ATATACCGCG[8-OH-Gua]C-CGGCCGATCAAGCTTAT-3Ј, 5Ј-ATATACCGCG[5-OH-Cyt]CCGGCC-GATCAAGCTTAT-3Ј, and 5Ј-ATATACCGCG[Uracil]CCGGCCGATCA-AGCTTAT-3Ј. All oligonucleotides were 32 P-5Ј-end-labeled and annealed with the complementary strand as previously described (33) . An oligonucleotide with the same sequence as above but with a normal CG pair at the relevant position instead of the modified nucleotide was used as the control.
Incision reactions contained 0.15 nmol of oligonucleotide duplex, 1 g of poly(dI-dC) competimer, 20 mM HEPES-KOH, pH 7.8, 100 mM KCl, 5 mM dithiothreitol, 5 mM EDTA, 2 mM MgCl 2 , and 20 g of WCE protein prepared as described (31) . After incubation at 37°C for the indicated time, the reactions were terminated by the addition of 0.8 l of 10% SDS and 0.8 l of 5 mg/ml proteinase K and incubated for 10 min at 55°C. In a 20-l reaction mixture, DNA precipitation was carried out by adding 4 l of 5 mg/ml glycogen (Ambion), 8 l of 11 M ammonia acetate, and 135 l of cold ethanol followed by incubation overnight at Ϫ20°C. The samples were centrifuged for 1 h at 4°C followed by washing with 500 l of 70% ethanol. After centrifuging at 12,000 ϫ g for 10 min, the pellet was dried and resuspended in 10 l of formamide loading dye (5% EDTA, 0.02% bromphenol blue, 0.02% xylene cyanol in 95% formamide), and the samples were separated by 20% denaturing polyacrylamide gel electrophoresis (containing 7 M urea, 89 mM Tris borate, pH 8.0, and 2 mM EDTA). The reaction products were visualized by autoradiography and quantified on a PhosphorImager (Molecular Dynamics) using ImageQuant software.
Measurement of 8-OH-Gua in Genomic DNA by Liquid Chromatography/Mass Spectrometry-Liquid chromatography/isotope-dilution mass spectrometry was used to determine the accumulation of 8-OHGua in genomic DNA after exposure to ␥-radiation. This technique measures the nucleoside form of 8-OH-Gua, i.e. 8-hydroxy-2Ј-deoxyguanosine (8-OH-dGuo) (34) . After irradiation at the indicated doses in a Gammacell 40 Exactor 137 Cs ␥-source, the cells were incubated in the complete medium at 37°C for 30 min. Cell pellets were resuspended in lysis buffer (0.5 M Tris, pH 8.0, 20 mM EDTA, 10 mM NaCl, 1% SDS, and 0.5 mg/ml proteinase K) and incubated at 37°C overnight. Nuclear DNA was isolated by the salt extraction procedure (35, 36) . The introduction of 8-hydroxy-2Ј-deoxyguanosine- [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] O, the digestion of DNA to nucleosides and the optimization of liquid chromatography/mass spectrometry parameters were performed as described (34) .
Statistics-Groups were compared by means of one-way analysis of variance tests. Duncan's multiple range test was used for post hoc comparison of means. Differences were considered significant when p Ͻ 0.05.
RESULTS

Characterization of the CSB Transfected Cell Lines-
The validity of the CSB transfected cell lines was evaluated by sequencing and RT-PCR. All six overlapping segments of CSB were detected from cDNAs of CSB transfected cell lines ( Fig.  2A, from CSBR946A ). The efficiency of CSB expression was examined by quantitative RT-PCR. The ratios of CSB transcript to 18 S internal standard were similar in all CSB transfected cell lines (data not shown). Similar levels of the CSB protein were detected by immunoblot analysis in extracts from the CSB transfected cell lines (Fig. 2B) . No band corresponding to the CSB protein was detected in the CSB null cell line (Fig.  2B) . These data showed that the intact CSB protein was expressed in all CSB transfected cell lines. Because UV sensitivity is a typical characteristic of CSB null cell lines and because we have previously reported that CSB null cell lines are also sensitive to 4-NQO (27) , all CSB transfected cell lines were tested for sensitivity to those two agents by clonogenic assay. The typical survival curves are presented in Fig. 3 . These data are from the CSB transfected cell lines containing a point mutation in motif VI, CSBR946A. Cells with mutations in motifs V and VI of the putative helicase domain were unable to complement the UV and 4-NQO sensitivity in comparison with wild type CSB. The helicase motif Ia and III mutants demonstrated an intermediary level of UV and 4-NQO sensitivity.
FIG. 2. Verification of CSB transfected cell lines by RT-PCR and Western blot.
A, the RT-PCR products of mRNA of CSBR946A. The molecular weight marker was DNA marker IV from Roche. Lane 1 is the positive control of RT-PCR. Lanes 2-7 are the products amplified by primers 6F/6R, 5F/5R, 4F/4R, 3F/3R, 2F/2R, and 1F/1R, respectively, which cover different segments of the whole CSB gene. bp, base pairs. B, CSB protein was detected with Western blot. All mutant cell lines expressed CSB protein in a relatively equal level to wild type. There was no detection of CSB in WCE of CS1AN/pC3 (CSB null).
The second putative NTB domain mutant showed UV and 4-NQO resistances equivalent to that of wild type CS-B cell line. 3 
Sensitivity to Oxidative Stress of the Transfected CSB Cell
Lines-The colony forming ability of CSB transfected cell lines after ␥-radiation is shown in Fig. 4 . CSB null cells were the most sensitive to ␥-radiation. The AUC of CSB null cells was 62% of that of wild type cell. CSBQ942E and CSBR946A (motif VI mutants) were unable to complement the ␥-radiation sensitivity of CSB null cells. AUCs of motif VI mutants were ϳ68% of that of wild type cells and were similar to that of CSB null cells. CSBT912V and CSBT912/913V (motif V mutants) partially complemented the ␥-radiation sensitivity of CSB null cells. AUCs of the motif V mutants were 84% of the wild type cell. The motif Ia mutant, CSBP573A, the motif III mutant, CSBQ678E, and the second putative NTB mutant, CSBK1137Q, demonstrated ␥-radiation resistance equivalent to that of wild type cells. A higher dose of ␥-radiation (3 Gy) led to larger survival differences between wild type cells and motif VI mutants. Fig. 5A , and the results from 4 independent experiments are summarized in Fig. 5B . We found reduced 8-OH-Gua incision activity in WCEs from CSB null cells (ϳ33% of that of CSBWT, p Ͻ 0.05), from motif VI mutants (CSBQ942E and CSBR946A, ϳ50% of that of CSBWT, p Ͻ 0.05), and from motif V mutants (CSBT912V and CSBT912/913V, ϳ76% of that of CSBWT, p Ͻ 0.05). The 8-OH-Gua incision activity in WCEs from the motif Ia mutant (CSBP573A), motif III mutant (CSBQ678E), and the second putative NTB mutant (CSBK1137Q) were equivalent to that of wild type CSB. A time course experiment further substantiates this difference. The relative incision activities of 8-OH-Gua among the transfected cell lines (CSB WTϾmutantsϾCSB PC3.1) were similar at all time points. The time course curves of the most 8-OH-Gua incision-deficient cell lines are presented in Fig. 5C . Reduced 8-OH-dGuo incision in CSBQ942E and CSB PC3.1 was observed at all time points analyzed. The largest differences were at 3 h when the reaction was close to saturation.
Glycosylase/Apurinic Lyase Activities (Incision) on Oligonucleotides Containing a Single Base Modification in WCE from the CSB Transfected Cell Lines-The 8-OH-Gua incision activities in WCEs from various transfected CS-B cell lines are shown in
The in vitro 8-OH-Gua incision activities of WCEs from the CSB transfected cell lines were then compared with their individual in vivo ␥-radiation survival (Fig. 6) . This analysis showed a strong correlation between the cellular resistance to radiation (AUC from the survival curve of individual cell line) and the ability to incise 8-OH-Gua (percentage of incision). The motif contribution to 8-OH-Gua glycosylase/apurinic lyase activities paralleled the ␥-radiation resistance with a good correlation (r ϭ 0.98, p Ͻ 0.05) (Fig. 6) . Thus, the defect in 8-OH-Gua incision correlates with an increased sensitivity to ␥-radiation.
To determine whether the BER defect was general or limited to the removal of 8-OH-Gua, we assayed for the incision of two lesions recognized by other glycosylases. There were no apparent differences among the cell lines in incision activities of either 5-OH-Cyt or uracil in oligonucleotide duplex (Figs. 7A  and 8A ). The cell lines with the most 8-OH-Gua incision deficiency (CSBQ942E and CSBPC3.1) appeared to have normal 5-OH-Cyt and uracil incision at all tested time points (Figs. 7B and 8B). Incision activities of both 5-OH-Cyt and uracil were close to saturation at 60 min. Thus, the BER deficiency in the transfected CS cell extracts appeared to be specific for certain damage(s). Incidentally, the incision activities of 5-OH-Cyt and uracil were both higher than that of 8-OH-Gua in all WCEs. Also, the identical level of the incision activities of 5-OH-Cyt and uracil in various cellular extracts suggested that the cell extracts all functioned proficiently and similarly with regards to DNA repair incision.
Accumulation of 8-OH-Gua in Genomic DNA from Transfected CSB Cell Lines after ␥-Radiation-Quantification of 8-OH-Gua in genomic DNA as its nucleoside form 8-OH-dGuo was performed by liquid chromatography/isotope-dilution mass spectrometry with selected ion mode. Fig. 9A illustrates the typical ion current profiles at m/z 168 (8-OH-dGuo) and m/z 170 (8-hydroxy-2Ј-deoxyguanosine-8-18 O). There was no difference between the levels of 8-OH-dGuo in genomic DNA before exposure to ␥-radiation (0 Gy) of all tested cell lines (Fig. 9B) . However, significantly greater (50 -80%) levels of 8-OH-dGuo in DNA from two motif VI mutants and CSB null cells were observed 30 min after exposure to ␥-radiation at a dose of 2 Gy (p Ͻ 0.05), thus demonstrating that 8-OH-dGuo accumulated in these mutants relative to wild type.
DISCUSSION
In the present study, human fibroblast cell lines with sitedirected mutations of the CSB gene in various motifs of its helicase signature were generated by replacing the highly conserved amino acids in specific motifs of CSB. The aim was to elucidate the biological importance of the intact CSB gene and of the specific motifs within this gene in BER. The results demonstrate that the integrity of the CSB gene is important for cellular resistance to ␥-radiation. Amino acid substitutions in helicase motifs V and VI diminished the cellular resistance to ␥-radiation. In the in vitro assay of BER of certain lesions by WCE, the absence of an intact CSB gene resulted in deficient glycosylase/apurinic lyase activity of 8-OH-Gua in DNA but did not affect the incision of 5-OH-Cyt and uracil in DNA. Mutations in helicase motifs V and VI of CSB resulted in reduced FIG. 5 . Glycosylase/apurinic lyase activities (incision) of 8-OHGua in WCEs from various CSB transfected cell lines. A, denaturing polyacrylamide gel graph; the 29-mer band was the substrate, whereas the 11-mer band was the product. The reaction was carried out for 3 h. B, the average of the conversion rate of 29-mer to 11-mer from four independent experiments. An asterisk denotes a value significantly different from CSBWT (p Ͻ 0.05). C, time course of 8-OH-Gua incision activities in WCEs from the most deficient CSB transfected cell lines. 8-OH-Gua glycosylase/apurinic lyase activity. Furthermore, CSB null or helicase motif VI mutant cells showed a higher accumulation of 8-OH-Gua in genomic DNA after exposure of the cells to ␥-radiation.
The resistance of the CSBWT cell line to diverse types of DNA damaging agents that are repaired by TCR or general genome repair suggests that this gene is involved in more pathways than TCR of active genes. Whereas UV radiationinduced photoproducts are removed by TCR of NER, both 4-NQO and ␥-radiation generate modified DNA bases that are repaired without strand bias (37, 55) , e.g. the pathway of global genome repair (38) . Recently, TCR of 8-OH-Gua was observed using an 8-OH-Gua-containing extrachromosomal plasmid model, and the process was associated with multiple proteins (20, 21, 39) .
Although the integrity of CSB is important for cell survival, different conserved helicase motifs did not contribute equally to the function. We have previously reported differences in the functional importance of motif II and the acidic region of CSB in the resistances to UV and other DNA damaging agents (40). 2 We have now established seven transfected human cell lines with mutations distributed in the four conserved helicase motifs and in a second putative NTB domain in the C terminus of CSB. A single or double amino acid change in the highly conserved residues of motifs Ia, III, V, and VI abolished the function of the CSB protein in survival, RNA synthesis recovery, and apoptosis after UV and 4-NQO exposure. 3 In contrast, a point mutation in the putative second NTB of CSB protein showed full complementation in its ability to repair DNA damage induced by UV light or 4-NQO. 3 The pattern of resistance of different CSB mutants to ␥-radiation was similar to those of UV light and 4-NQO but more deficient in motif V and VI mutants than in motif Ia and III mutants.
The in vitro deficits in 8-OH-Gua incision observed for some mutant cell line extracts were reflected by the hypersensitivity of the cells to ␥-radiation and in the observed accumulation of 8-OH-Gua lesions in the DNA of the respective cell lines. The helicase motif contribution to 8-OH-Gua glycosylase/apurinic lyase activities paralleled the ␥-radiation resistance. Thus, the functional assays support the observation that the disruption of specific helicase motifs of CSB causes a BER defect. These results suggest that different motifs of the CSB helicase domain may function in different metabolic pathways.
Helicase superfamilies (SF1 and SF2) are composed of proteins that share similar structures and participate in processes including replication, recombination, DNA repair, transcription, and chromatin assembly (41, 42) . Because there has been no previous functional analysis of the putative helicase motifs I, III, IV, V, and VI in CSB, speculation on the biochemical function of these conserved regions is largely based on information from structural and functional studies of other helicases.
Crystal structure of Escherichia coli Rep helicase revealed that motif Ia acts directly with single stranded DNA and potentially functions in the energy transduction from ATPase to DNA (43) . Mutation in motif II of eIF-4A, a RNA helicase, resulted in a large decrease in the rate of ATP hydrolysis and a loss of helicase activity (44) . Biochemical characterization of PcrA helicase showed that mutation of motif III affects ATP hydrolysis (45) . Our study on the function of motif II of CSB in human cells using a base incision assay uncovered that this motif was not involved in BER of 8-OH-Gua and suggests that ATPase function is not essential in this process. 2 Thus, BER of 8-OH-Gua may not be an energy-consuming process, or it may require energy from alternative sources. This notion is supported by the data in the current work showing that motif Ia and III mutants display normal survival after ␥-radiation, a treatment that causes oxidative DNA base damage.
Crystal structure analysis of motif V of E. coli Rep helicase and of motif V of E. coli UvrB protein suggests that this motif is involved in single-stranded DNA binding (43, 46) . E. coli UvrB and eIF-4A exhibit nucleic acid binding defects when conserved motif VI residues are altered (44, 46) . Based on crystal structure data, helicase motif VI is not directly involved in DNA or nucleotide binding (46, 47) . However, by virtue of its close proximity to both the NTP-binding site and the DNAbinding site, it may act to communicate between these sites by mediating conformational changes associated with helicase function (41) . We find that mutation in the conserved motifs V and VI of CSB caused a severe compromise of both the in vivo and in vitro end points examined. It was previously reported that helicase motif V and VI of E. coli UvrB were responsible for the enhanced catalytic activity in the presence of damaged DNA (46) . Further study on the interaction of CSB and damaged DNA with our mutant cell lines might add more information.
Hydroxyl radical-mediated base modifications are among the most deleterious processes induced in DNA by ionizing radiation (48, 49) . Hydroxyl radicals are produced in the hydration layer of DNA in ␥-radiated cells and induce the generation of 8-OH-Gua (50) . To determine whether the deficiency in BER leads to the accumulation of 8-OH-Gua in genomic DNA, the level of the nucleoside form of 8-OH-Gua, i.e. 8-OH-dGuo in DNA was measured by liquid chromatography/mass spectrometry after exposure of cells to a low dose of ␥-radiation. The results showed an enhanced level of 8-OH-dGuo in genomic DNA after exposure of CSB null cells and two motif VI CS-B mutants to 2 Gy of ␥-radiation as compared with CS-B cells transfected with the wild type CSB gene. These data demonstrate that CSB null and motif VI mutants had compromised resistance, further supporting the conclusion that CSB plays a role in the removal of 8-OH-Gua from DNA and the importance of motif VI in this function. Recently, Le Page et al. (20) demonstrated that thymine glycol and 8-OH-Gua were removed by a TCR process that did not involve NER. It was also concluded in those studies that the repair defect in CS-B cells was due to deficient TCR alone without any defect in general genome BER (21) . Our results in CSB null and certain CSB mutants suggest a deficiency in removal of 8-OH-Gua in the general genome BER because we have used a DNA oligomer containing base damage in nontranscribed DNA. This repair reflects the general genome rather than TCR. It is possible that CSB directly interacts with other proteins involved in BER, and/or it may regulate the expression of certain BER proteins via its role as transcriptional activator and its effect on chromatin assembly. ␥-Radiation introduces a variety of lesions in DNA. Many of these are base modifications, but some are direct single-or double-stranded breaks. At the doses that we have used here there are relatively few single strand breaks and almost no double-stranded breaks (51) . However, we cannot exclude a contribution of the CSB protein to the repair of strand breaks via other pathways than BER.
A basal transcription defect has been observed in human CS-B lymphoblastoid cells and fibroblasts in the absence of exposure to DNA damaging agents (8) . A recent study showed that CSB binding to DNA caused an alteration of the DNA conformation, a remodeling of chromatin structure, and an interaction with core histones (52) , all of which occur during basal transcription (1, 53, 54) . Thus, the CS phenotype may arise from a combined deficiency in DNA repair and transcription. The down-regulation of certain repair related genes in CSB null or mutant cells could indirectly lead to the incapability of BER.
We suggest that the biological functions of CSB in different DNA repair pathways may be mediated by distinct functional motifs of the protein. Our observation of increased accumulation of oxidative DNA base lesions in DNA in CS-B cells supports the notion that these lesions accumulate in CS patients and may contribute significantly to the phenotype of the disease.
